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Abstract
Methicillin-resistant Staphylococcus aureus (MRSA) is a major cause of a myriad of insidious and
intractable infections in humans, especially in patients with compromised immune systems and
children. Here, we report the apo- and CoA-bound crystal structures of a member of the
galactoside acetyltransferase superfamily from methicillin-resistant S. aureus SACOL2570 which
was recently shown to be down regulated in S. aureus grown in the presence of fusidic acid, an
antibiotic used to treat MRSA infections. SACOL2570 forms a homotrimerin solution, as
confirmed by small-angle X-ray scattering and dynamic light scattering. The protein subunit
consists of an N-terminal alpha-helical domain connected to a C-terminal LβH domain. CoA binds
in the active site formed by the residues from adjacent LβH domains. After determination of CoA-
bound structure, molecular dynamics simulations were performed to model the binding of AcCoA.
Binding of both AcCoA and CoA to SACOL2570 was verified by isothermal titration calorimetry.
SACOL2570 most likely acts as an acetyltransferase, using AcCoA as an acetyl group donor and
an as-yet-undetermined chemical moiety as an acceptor. SACOL2570 was recently used as a
scaffold for mutations that lead the generation of cage-like assemblies, and has the potential to be
used for the generation of more complex nanostructures.

Keywords
Galactoside acetyltransferases; GAT; Methicillin-resistant Staphylococcus aureus (MRSA) subsp.
COL; Molecular dynamics; Small-angle X-ray scattering; Crystal structure

Introduction
Staphylococcus aureus strain COL [1] is a methicillin-resistant (MRSA) opportunistic
human pathogen causing both community- and hospital-acquired infections. It is linked to
skin infections (abscesses), bacteremia, central nervous system infections, necrotizing
pneumonia, infec-tive endocarditis, osteomyelitis, urinary tract infections and chronic lung
infections associated with cystic fibrosis. Exotoxins and enterotoxins produced by S. aureus
cause food poisoning and toxic shock syndromes [2, 3]. This causes life-threatening
illnesses and deaths and generates high hospital costs [4, 5]. MRSA is most commonly
treated with vancomycin [5], however the recent emergence of vancomycin-resistant MRSA
strains [6] calls for novel, innovative treatment strategies [7–9] or development of new
antibiotics.

One of the central objectives of the Center for Structural Genomics of Infectious Diseases
(CSGID) [10] is to elu-cidate high-resolution, three-dimensional structures of proteins from
human pathogens in the NIAID Category A–C priority lists. SACOL2570, a putative
galactoside O-acetyltransferase (GAT) protein from the MRSA strain S. aureus subsp. COL
was chosen as a CSGID target for its potential involvement in the cellular processes of toxin
production and antibiotic resistance.

Galactoside acetyltransferases (GAT, EC 2.3.1.18) are enzymes that transfer an acetyl group
from acetyl coen-zyme A (AcCoA) to β-galactosides (Eq. 1) [11]. The enzymes have a
broad substrate specificity and can acety-late many galactoside derivatives, including
thiogalacto-sides and lactosides [12]. The precise physiological role of GAT is not well
understood, but it was suggested to act as a detoxifying enzyme, acetylating non-
metabolizable carbo-hydrates to prevent their re-entry into the cell [12, 13].

(1)
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One of the best studied GATs is the enzyme from Escherichia coli (GATEC), for which
several ligand bound structures have been determined [12]. GATEC contains an LβH (left-
handed parallel β-helix) structural domain and forms a trimer that contains three substrate-
binding sites located at the interface between adjacent LβH subunits. Kinetic studies
demonstrated that GATEC adopts an ordered bi-bi ternary complex mechanism with AcCoA
and CoA as the leading substrate and corresponding product, respectively [11, 14, 15].

GATs belong to the hexapeptide acyltransferase super-family of enzymes [16, 17] so named
for the presence of tandem repeated, imperfect copies of a six-residue amino acid sequence
motif called the hexapeptide repeat [18, 19]. The hexapeptide acyltransferases transfer
acetate, succi-nate, or long chain fatty acyl groups from thioester donors to a variety of
structurally dissimilar acceptors [16, 17]. Analysis of the available crystal structures reveals
that the hexapeptide repeat motif directs folding of the character-istic coiled LβH structural
domain [11]. Several crystal structures of such enzymes have been determined, includ-ing
maltose acetyltransferase (MATGK; PDB code 2IC7) from Geobacillus kaustophilus [20],
xenobiotic acetyl-transferase (XAT; PDB code 1XAT) from Pseudomonas aeruginosa[15]
and serine acetyltransferase (SAT; PDB code: 1T3D) from E. coli [21]. The crystal
structures, in conjunction with experimental data on enzymatic activity, imply that GATs
and MATs are closely related and might share similar cellular functions [17].

In the present study, the crystal structure of an apo-form of a putative GAT SACOL2570
from S. aureus was determined at 1.6 Å resolution. The structural similarity of SACOL2570
and GATEC (in complex with AcCoA) prompted us to assess the substrate binding
properties of SACOL2570. X-ray crystallography was used to examine the binding of CoA,
AcCoA and a selection of carbohy-drates, potential substrates of SACOL2570. The
structural studies were followed by isothermal titration calorimetry (ITC) testing of the
binding of AcCoA, CoA and the sug-ars. Molecular dynamics (MD) simulations were used
to predict the binding mode of AcCoA to SACOL2570, and to determine the structural basis
of the AcCoA binding. In addition, the molecular mechanical and generalized Born/Surface
Accessible (MM-GBSA) model [22, 23] was used to estimate the binding free energies
between AcCoA and SACOL2570/GATEC. The MD-simulated model was in agreement
with our experimental data.

Results and discussion
Overall structure of the apo-form of SACOL2570

A ribbon diagram of the SACOL2570 structure is shown in Fig. 1. The asymmetric unit of
SACOL2570 crystals con-tains one protein monomer that includes nineteen β-strands and
four α-helixes. The protein forms a trimer and the three-fold axis of the oligomer coincides
with the crystal symmetry axis. The trimeric assembly in solution was confirmed by SAXS
and DLS (see below). The monomer composed of 188 amino acids can be divided into an N-
terminal alpha-helical region and a C-terminal LβH domain. The N-terminal domain,
comprising residues 1–55, includes three α-helices (residues 2–9, 18–37, and 42–55) and
one short β-strand (residues 13–15). This β-strand is absent in the N-terminal domain of
GATEC[2, 12]. Residues 56–188 form the C-terminal LβH domain (the hexapeptide repeat
motif) which includes eighteen β-strands and one α-helix (residues 117–123), whereas
GATEC has one long loop (residues 112–131) protruding from the LβH domain [24].

The maltose acetyltransferase from G. kaustophilus (MATGK) is the protein of known
structure most similar by sequence to SACOL2570 (43 % identity), followed by GATEC (42
% identity). A multiple structure-based sequence alignment of SACOL2570 to MATGK and
GATEC is shown in Fig. 2. The RMSD of 182 aligned pairs of Cα atoms between
SACOL2570 and GATEC using the SSM (secondary structure matching) algorithm [25] is
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1.26 Å (Fig. 1c), while that of 182 aligned pairs of Cα atoms between SACOL2570 and
MATGK is 1.04 Å.

SAXS and DLS solution studies
The goal of small-angle X-ray scattering (SAXS) and dynamic light scattering (DLS)
solution studies was to determine the oligomeric state of the protein in solution. Three
solutions of SACOL2570 at different concentrations were exposed twice to collect SAXS
data (Supplementary Table 2). The radius of gyration (Rg) values calculated for different
exposures as well as by different programs (Au-toRg [26] (PRIMUS and command line
versions), Auto-GNOM [27] and via the Guinier region) varied somewhat both in value and
precision, and the overall mean Rg over all exposures and analyses was 28 ± 2 Å. When the
pro-tein was measured by DLS, the regularization algorithm of the DYNAMICS software
(Wyatt Technology, Santa Barbara, CA) routinely returned a species distribution of one
peak at an average hydrodynamic radius of 34.6 ± 0.2 Å with a polydispersity of 12.3 %.
The molecular weights obtained from AutoPorod [27], SAXS MoW [28] and Wyatt
Dynamics (Wyatt Technology) are approximately 66.5, 77.3, and 61.3 kDa respectively.
These measurements were consistent with the trimeric state of the protein (66.9 kDa). The
PDBePISA server [29] also predicted that the trimer was the most probable oligomeric form
of the protein in solution out of all assemblies observed in the crystal lattice. Theoretical
scattering curves for both the monomeric and trimeric structures of the protein calculated by
the program CRYSOL [30] returned χ2 values of 6.13 and 1.53 respectively when compared
with the experi-mental data. Figure 3 depicts the averaged experimental scattering data, the
theoretical scattering curves (from monomer and trimer) and the particle distance
distribution function.

SACOL2570 binds AcCoA and CoA in vitro
The binding of the putative acetyltransferase SACOL2570 to CoA and AcCoA was
validated by X-ray crystallography after crystal soaking. In addition, the binding in solution
was characterized using ITC.

The crystal structure was obtained for SACOL2570 with a bound CoA (PDB code: 3V4E).
When SACOL2570 was soaked with AcCoA, only a CoA molecule was observed in the
active site, likely due to hydrolysis (see below). Binding of CoA in the 3V4E crystal
structure involves residues from two adjacent monomers in the homotrimeric assembly (Fig.
4a). Residues responsible for CoA binding by SACOL2570 are Asn84, Ala112*, Gly141,
Lys165* and Arg182 (a star denotes residues contributed by a neighboring subunit in the
trimer) (Fig. 4b). Residues responsible for the coordination of the phosphates groups of CoA
are Lys165* and Arg182. The Asn84 side-chain forms a hydrogen bond interaction with a
water molecule in SACOL2570, but in the structure of lactose operon acetyltransferase from
E. coli the corresponding residue Asn85 coordinates the acetyl group (PDB code: 1KRR).
The importance of this residue in substrate binding was also confirmed by our further MD
analysis (see below).

ITC demonstrated that both AcCoA and CoA bind to SACOL2570 with 1:1 stoichiometry
and KD values of 460 ± 35 and 660 ± 13 μM, ΔH of –9,823 ± 200 and –8,451 ± 60 cal/mol,
and ΔS of –17.6 and –13.8 cal/mol/deg, respectively (Fig. 4c). As expected the binding of
AcCoA is stronger than CoA. Thus, the data confirm that SACOL2570 binds AcCoA and
suggest that the protein has acetyltransferase activity. The relatively low binding affinity of
SACOL2570 to AcCoA could be related to the absence of a second substrate that might
impact an active site organization.
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SACOL2570 hydrolyzes AcCoA in the absence of a second substrate
AcCoA exposed to SACOL2570 in solution for 20 h was completely converted to CoA, as
shown by mass spec-troscopy analysis (Supplementary Figure 2). Almost no conversion was
observed in a control experiment in the absence of a protein. ITC titration (∼1 h) showed
only the binding of AcCoA to SACOL2570 without a sign of a reaction. Thus, SACOL2570
appears to catalyze the hydrolysis of AcCoA to CoA, albeit slowly, and crystals soaked with
AcCoA for ∼48 h are likely to contain bound CoA.

Search for the second substrate of SACOL2570
We attempted to identify a putative carbohydrate substrate of SACOL2570 by testing the
interaction of the protein with a variety of carbohydrates and their derivatives by ITC and
crystallography. Glucose, galactose, maltose, saccharose, lactose, mannose, arabinose,
fucose, trehalose, xylitol, isopropyl, β-D-1-thiogalactopyranoside, p-nitro-phenyl-β-D-
galactoside were tested. However, no binding of any tested compound to SACOL2570 was
detected. In addition, the search for a substrate was also performed using glycan array
screening by the Functional Glycomics Gateway (www.functionalglycomics.org). The
affinity of SACOL2570 towards a diversified set of glycans was explored using an array
containing 465 different glycans (Supplementary Table 1). Again, no significant binding
was detected (Supplementary Figure 1). Bacterial lectin protein was used as a positive
control and showed specific binding to certain glycans (bottom panel, Supplementary Figure
1).

MD simulations and MM-GBSA analysis
Since the SACOL2570 crystals soaked with AcCoA contained only CoA, we employed
molecular dynamics simulations to describe the interaction of the protein and AcCoA and to
explore the dynamic stability of the two systems (GATSA and GATEC). The RMSD values
of backbone atoms relative to the initial X-ray structures were generated over 8 ns NPT
trajectories and plotted in Fig. 5. The RMSD curves of the two systems indicated that the
solvated systems achieved their equilibrium after 4 ns.

Based on the MD simulated-trajectories, the MM/GBSA method predicted binding free
energies of –40.89 and –36.44 kcal/mol for AcCoA binding to GATSA and GATEC,
respectively. This suggests that AcCoA binds to SACOL2570 with a higher affinity.

Figure 6 depicts the simulated models for the two sys-tems after 8 ns MD simulations. As
shown in Fig. 6a, the binding site of AcCoA to SACOL2570 consists of nineteen residues,
and several significant binding interactions can be observed. The phosphate group of
AcCoA formed two hydrogen bonds of 2.97 and 3.07 Å to the NH1 and NH2 atoms of Arg
A182. The N atom of Ala A159, the N atom of Gly A141, and the ND2 atom of Asn A84
make three hydrogen bonds (H1 = 2.95 Å, H2 = 3.17 Å, and H3 = 3.18 Å) with AcCoA.
The O atoms of Ala 159 and Ala B112 accept hydrogen bonds (H4 = 3.31 Å and H5 = 3.05
Å) from the N3 and N7 atoms of AcCoA, respectively. A water molecule participates in
stabilization of AcCoA binding in the active site of SACOL2570. A hydrogen bond is
observed between the O atom of the water and the N1 atom of AcCoA. In addition, the
water molecule forms a hydrogen bond to the closest residue, Ala A159. It is clear that eight
hydrogen bond interactions between SACOL2570/water and AcCoA are the major forces in
stabilizing the AcCoA binding pattern.

Similar to the SACOL2570/AcCoA system, AcCoA binds in a long crevice between two
adjacent LβH domains in the model of GATEC. As shown in Fig. 6B, the phos-phate groups
accept three hydrogen bonds from Lys A195, which play an important role in the substrate
binding pat-tern. In addition, four residues (Asn A85, Ser A142, Ala A160, and Thr B113)
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form four hydrogen bonds (H1 = 2.91 Å, H2 = 2.82 Å, H3 = 3.08 Å, H4 = 2.97 Å) with
AcCoA. Excepting H5 (3.69 Å, it can be viewed as an electrostatic interaction), the other
three hydrogen bonds are maintained in the crystal structure of GATEC. These five hydrogen
bonds were identified in both GATEC and GATSA (as can be seen by comparing Figs. 6a, b).
The conserved residues Asn A84, Gly A141, Ala A159, and Ala B112 were observed in the
SACOL2570/AcCoA complex. The only interaction which appears to be important for
recognition of CoA in SACOL2570 crystal structure which was not predicted by MD
simulations is hydrogen bonding between Lys 165* and the phosphate group of CoA. These
subtle differences in interactions may account for the slight differences in the predicted
binding affinities of AcCoA to GATEC versus SACOL2570.

Implication of the biological role
The structural and biochemical characterization of SACOL2570 presented here strongly
suggests that the protein possesses an acetyltransferase function. The ability of SACOL2570
to hydrolyze AcCoA was further confirmed by mass spectrometry measurements
(Supplementary Figure 2). Soaking experiments yielded a structure with a bound CoA, and
MD analysis completed this study with analysis of AcCoA binding and comparison with
GATEC. Conserved residues of SACOL2570 are responsible for binding of AcCoA and
CoA in the similar way as in GATEC: Asn84, Ala112*, Gly141, Lys165* and Arg182. The
MD model based on the apo-structure implies that AcCoA can bind to the active site pockets
of both struc-tures in a similar manner. In the AcCoA bound model of SACOL2570 four of
the conserved residues (Asn84, Ala112*, Gly141, Arg182) form five hydrogen bonds with
AcCoA stabilizing it in the active site and contributing to the predicted free energy of
binding of –40.89 kcal/mol. The ITC experiments confirmed that SACOL2570 binds both
CoA and AcCoA in vitro. Taken together, these data suggest that SACOL2570 acts as an
acetyltransferase, using AcCoA as an acetyl group donor and an as-yet-undetermined
chemical moiety as an acceptor.

The gene encoding SACOL2570 was recently identified by S. aureus pangenomic
microarrays as one of the genes for which expression is altered in S. aureus cells grown in
the presence of fusidic acid, an antibiotic used to treat MRSA and other Staphylococcus
infections [31]. Upon fusidic acid treatment the level of expression of SA-COL2570 was
down-regulated fivefold [31], which suggests that the putative galactoside O-
acetyltransferase plays a role in cellular processes of resistance to antibiotics and other
toxins [31, 32].

SACOL2570 was also recently used as a model protein for the development of a method to
obtain self-assembling protein nanomaterials [33]. The natural trimeric form of SACOL2570
allowed for careful engineering of protein– protein interactions between monomers and
subsequent formation of cage-like, higher-order assemblies [33]. Further research on
utilization of protein trimeric assemblies in SACOL2570 and other structurally similar
proteins could lead the design of functional molecular machines with a wide range of
applications. Thus determination of the SA-COL2570 crystal structure is not only important
for under-standing the molecular mechanisms of antibiotic resistance, but also for innovative
approaches in nanotechnology.

Materials and methods
Protein cloning, expression, purification, and crystallization

The SACOL2570 gene was cloned into pMCSG7 vector as described previously [34]. The
protein was expressed in E. coli BL21-CodonPlus(DE3)RIPL cells (Stratagene) in M9
minimal media (Shanghai Medicilion) at 37 °C. When OD600 reached 0.8 an amino acid
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cocktail (VILKTF + SeMet) was added, and after 20 min the culture was induced with
isopropyl-1-thio-β-D-galactopyranoside (IPTG) added to a final concentration of 1 mM and
grown over-night at 16 °C. Cells were harvested by centrifugation and the cell pellet was re-
suspended in binding buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5 mM imidazole, and 5
% glycerol) supplemented with Complete Protease inhibitors without EDTA (Roche).
Resuspended cells were lysed by sonication. The soluble fraction was cleared by centrifu-
gation and loaded onto Ni–NTA resin (Qiagen) pre-equil-ibrated with binding buffer. The
resin was washed with 300 mL of wash buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 30
mM imidazole, and 5 % glycerol). Elution was performed with 10 mL of elution buffer (50
mM HEPES pH 7.5, 500 mM NaCl, 250 mM imidazole, and 5 % glycerol). EDTA and
TCEP were added immediately to the eluted fractions to final concentrations of 1 and 0.5
mM respectively. The His6 tag was removed by cleavage with His-tagged TEV protease at 4
°C overnight in dialysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, and 5 % glycerol).
The cleaved tag and TEV protease were removed from the purified protein with a second
Ni-NTA column. Additional purification by size-exclusion chromatography was performed
using a Superdex-200 column and crystallization buffer (10 mM HEPES, pH 7.5, 500 mM
NaCl). The identity and purity of the final protein samples were evaluated by mass
spectrometry and SDS-PAGE. Protein samples were concentrated to 2.6 mg/mL and used
for crystallization screening. Crystals of SACOL2570 were grown by hanging-drop vapor
diffusion at 295 K. A drop consisting of 1 μL of protein solution (2.6 mg/mL Se-Met-
SACOL2570 in 10 mM HEPES buffer, pH 7.5 and 500 mM NaCl) and 1 μL of the well
solution (200 mM di-ammonium hydrogen citrate, 20 % w/v PEG3350 pH 5.0) was
equilibrated against 1 mL well solution. Crystals selected for data collection were
transferred to a paratone-N and flash-cooled in the liquid nitrogen at 100 K. For ligand–
protein complex experiments, protein was overex-pressed in Luria-Broth media, purified as
described above and crystallized in 200 mM NaH2PO4, 20 % w/v PEG 3350, pH 7.5 by
hanging-drop vapor diffusion at 295 K. Obtained crystals were soaked with AcCoA.
Crystals were taken directly from crystallization drops and flash-cooled in liquid nitrogen.

Data collection, structure determination, and refinement
Diffraction data from SACOL2570 crystals were collected at 100 K at beamline 19-ID [35]
of the Structural Biology Center at the Advanced Photon Source. The processing and scaling
as well as electron density map and preliminary model were obtained with HKL-3000 [36],
which inte-grates with the family of SHELX programs [37], MLP-HARE [38], DM [39],
SOLVE/RESOLVE [40], CCP4 [41], ARP/wARP [42], and COOT [43], The space group of
the crystal was R32 with one molecule in the asymmetric unit. The resulting model was
improved by cycles of manual model building in COOT followed by maximum-likelihood
refinement with REFMAC [44], The TLSMD Web server [45] was used for generation of
multigroup TLS models. MOLPROBITY [46] and the ADIT Web server [47] were used to
validate the structure. The atomic coordinates together with the structure factors, were
deposited in PDB with accession code 3FTT.

The diffraction data of CoA-bound crystal were col-lected at 100 K at beamline 21ID-D of
the Life Sciences Collaborative Access Team (LS-CAT) at APS. The struc-ture was solved
by molecular replacement using MOLREP [48] and the structure of apo-SACOL2570 as a
search model. The HKL-3000 package was used, as well as COOT and REFMAC for
further model building and refinement. The structure was deposited in PDB with accession
code 3V4E. Data collection, structure determination, and refinement statistics for both apo-
and CoA-bound structures are summarized in Table 1.
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Small-angle X-ray scattering and dynamic light scattering
Purified protein was loaded onto a Sephadex G-200 column equilibrated with a buffer
consisting of 150 mM NaCl and 10 mM HEPES pH 7.5 and eluted at the concentration of
5.3 mg/mL. Samples were diluted to one half or one quarter of that concentration. Three
concentrations were used (5.3, 2.7 and 1.3 mg/mL). Each sample was passed through a 0.1
μm filter before SAXS and DLS trials. For each sample analyzed with SAXS, the
polydispersity, hydrodynamic radius and molecular weight were measured using a Wyatt
DynaPro Titan (Wyatt Technology) dynamic light scattering setup at 10 °C with the
DYNAMICS soft-ware package (Wyatt Technology). Each sample was analyzed for at least
two trials of twenty acquisitions, each lasting 20 s. For SAXS studies, each protein sample
was analyzed at 4 °C for a total of 4 h including a check for radiation damage on a Rigaku
S-MAX3000 (λ = 1.54 Å). Each sample was exposed twice, for 2 h followed by a second 2
h (to check for radiation damage). The buffer used for column equilibration (150 mM NaCl,
10 mM HEPES, pH 7.5) was analyzed twice, for 2 h each time. The SAXS GUI (JJ X-Ray
Systems ApS, Lyngby, Den-mark; Rigaku IT Inc., Auburn Hills, MI) was used to combine
detector readouts for each concentration and to remove dead pixels and those regions of the
detector immediately behind the beam stop. Slight angular varia-tions in intensity
immediately surrounding the beam stop were noted for the lowest and middle concentrations
and one of the buffer detector readouts, and a range of 0.015 to 0.25 Å–1 was selected for
further data processing of all sets. Scaling for beam intensity and buffer subtraction was
handled by PRIMUS [26], The radius of gyration (Rg) was measured for each concentration
and linearity for the Guinier region was verified using the AutoRg extension of PRIMUS.
The Rg values for the individual exposures are listed in Supplementary Table 2. The
automated indirect Fourier transform application AutoGNOM [27] was used to calculate the
particle distance distribution function. The online tool SAXS MoW [28] and the ATSAS
tool Au-toPorod [27] were each used to estimate the molecular weight of the protein. The
monomer of the protein (PDB code: 3FTT) was submitted to the online service PDBeP-ISA
[29] and the theoretical scattering curve of the sub-mitted and returned models was
calculated and compared to the experimental data using CRYSOL [30].

MD simulations
The starting model of the SACOL2570/AcCoA complex was constructed based on the
crystal structures of SACOL2570 and GATEC. A single active site is formed by residues
from two neighboring subunits in GATEC. GATEC and SACOL2570 were structurally
aligned, and then the substrate AcCoA in GATEC was extracted and merged into
SACOL2570. This new complex which was composed of SACOL2570 and AcCoA from
the original complex GATEC, was used as the starting model for the following simulations.
A new system was prepared, named GATSA, which is SACOL2570 in complex with
AcCoA. All hydrogen atoms were added using the Xleap tools from the AMBER10 package
[49].

Based on the electrostatic potential calculations at the ab initio HF/6-31G* level [50], the
partial atomic charges of AcCoA were determined by using the restricted elec-trostatic
potential [51] fitting protocol implemented in the Antechamber module of the AMBER10
package. GAFF (general AMBER force field) parameters were used as the parameters for
AcCoA, and the AMBER FF03 force field parameters were used for the receptor. Counter
ions were added to maintain the electroneutrality of the two systems. Each system was
subsequently solvated in a rectangular box of water molecules with solvent layers of 10 Å.

Conventional MD simulations on the aforementioned systems GATEC and GATSA were
carried out with AMBER10. The two systems were submitted to energy minimization to
remove unfavorable contacts. After the relaxation, each system was gradually heated from 0
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to 300 K in 50 ps. A weak constraint of 10 kcal/mol/Å2 was employed to keep the protein
constrained during the heating procedure. Finally, periodic boundary dynamics simulations
of 8 ns were performed in an NPT (constant composition, pressure, and temperature)
ensemble at 1 atm and 300 K. The temperature was kept at 300 K by means of the weak-
coupling algorithm [52]. The SHAKE algorithm [53] was turned on for all bonds involving
hydrogens with a tolerance of 1 × 10-5 Å Electrostatic interactions were calculated using the
Particle-Mesh-Ewald method with a 10 Å non-bonded cutoff. The output trajectory files
were saved every 1 ps for subsequent analysis.

MM-GBSA analysis
The MM-GBSA model, which is implemented in AMBER10, was applied to compute the
binding free energy (ΔGbind) between a protein and a ligand [22, 23, 43]. A grid spacing of
0.5 Å was chosen, and the dielectric constant for the solute and solvent were set to 1 and 80,
respectively. The optimized atomic radii set in AMBER 10 were used. A total of 100
snapshots were taken from 7 to 8 ns trajectory with an interval of 10 ps. All counterions and
water molecules were stripped. In the present study, the binding free energies of the two
systems were calculated using the MM-GBSA model. In most cases, different ligands
binding to the same protein may give similar entropy values [54, 55]. In the present work,
the entropy contribution was not included due to the same ligand AcCoA. Thus, the
predicted binding free energies are based on a relative scale and can only be compared with
each other to evaluate the relative binding affinity of AcCoA with SACOL2570 versus
GATEC.

Isothermal titration calorimetry
The iTC200 calorimeter (MicroCal) was used for all iso-thermal titration calorimetry (ITC)
experiments. The puri-fied protein sample was dialyzed overnight at 4 °C against 100 mM
HEPES pH = 7.5 and 150 mM NaCl. All ligands were dissolved in the same buffer.
Experiments were per-formed at 25 °C by titrating 1.8 mM SACOL2570 with a 20 mM
ligand solution. ITC titration curves were collected and analyzed using the Origin software
package.

Glycoarray binding assay
SACOL 2570 was diluted to 0.5 mg/mL in 200 mM NaCl, 10 mM HEPES pH 7.5 and sent
to the Consortium for Functional Glycomics (CFG) for oligosaccharides binding assay. The
glycoarray binding assay was employed in CFG facility with bacterial lectin used as a
positive control. Two different methods of binding were applied: a sequential addition of the
enzyme followed by anti-His antibody, and pre-complexing the enzyme with anti-His and
anti-mouse IgG to increase the affinity and valency of binding.

Mass spectrometry
To test the ability of SACOL2570 to catalyze the hydro-lysis of AcCoA to CoA in the
absence of substrate, two reactions samples were prepared: a test sample with 70 μM
SACOL2570 and 2.5 mg/mL AcCoA, and a control sample with only 2.5 mg/mL AcCoA.
Both samples also contained a buffer with 50 mM HEPES and 50 mM NaCl at a pH of 7.0.
The samples were incubated for 20 h at 16 °C and analyzed by MALDI mass spectroscopy
(MS). Due to requirements of MS analysis it was not possible to replicate all aspects of the
soak solution, but the reactions were the same pH and temperature as the soaking conditions.
The MALDI experiment was conducted in negative reflector mode, using the Bruker
Microflex spectrometer in the W. M. Keck Biomedical Mass Spectrometry Laboratory at the
University of Virginia.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MRSA Methicillin-resistant Staphylococcus aureus

GAT Galactoside acetyltransferase

SAXS Small-angle X-ray scattering

DLS Dynamic light scattering

MD Molecular dynamics

PDB Protein Data Bank

CSGID Center for Structural Genomics of Infectious Diseases
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ITC Isothermal titration calorimetry

RMSD Root mean square deviation
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Fig. 1.
Ribbon diagram showing the apo-form of galactoside acetyltransferase SACOL2570 from S.
aureus (a a monomer and b a trimer, a biological unit). c The molecular superposition of
GATSA (the SACOL2570/AcCoA complex) in grey and GATEC (PDB code: 1KRR) in blue
after molecular dynamics simulations. AcCoA and CoA are shown as sticks

Luo et al. Page 14

J Struct Funct Genomics. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Multiple structure-based sequence alignment of the putative galactoside acetyltransferase
SACOL2570 from S. aureus (PDB: 3FTT), galactoside acetyltransferase GATEC from E.
coli (PDB: 1KRR), and maltose acetyltransferase from G. kaustophilus (PDB: 2IC7). The
alignment was made with Multiprot (http://bioinfo3d.cs.tau.ac.il/MultiProt/). Residues
participating in CoA binding are marked by an asterisk
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Fig. 3.
Small-angle X-ray scattering data of SACOL2570. The averaged experimental data for
SACOL2570 are shown as grey circles. The theoretical scattering curves for the monomeric
and trimeric models are shown in blue and green respectively. The inlaid figure shows the
particle distance distribution function in red
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Fig. 4.
Acetyl coenzyme A (AcCoA) as a cofactor of SACOL2570. a The structure of SACOL2570
with bound CoA. CoA binding sites (in the trimeric assembly) are formed at the interface of
two monomers. b Critical residues predicted by MD simulations to participate in AcCoA
binding are present in the CoA bound crystal structure of SACOL2570. All distances are
shown in Å. c Both AcCoA (left panel KD = 440 μM) and CoA (right panel KD = 660 μM)
bind SACOL2570
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Fig. 5.
Plots of RMSD versus simulation time in the MD-simulated SACOL2570 GATSA(black)
from S. aureus (PDB code: 3FTT) and galactoside acetyltransferase GATEC (grey) from E.
coli (PDB code: 1KRR). RMSD represents the root mean-square deviation (Å) of the
simulated positions of the backbone atoms (C, N, and Cα) of SACOL2570 and GATEC from
those in the initial X-ray crystal structure
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Fig. 6.
The binding model prepared with molecular operating environment (MOE) software version
2008.10 (http://www.chemcomp.com/software.htm) between acetyl coenzyme A and
SACOL2570 (a) or GATEC (b). SACOL2570 and GATEC mean the (putative) galactoside
acetyltransferase enzymes from S. aureus (PDB code: 3FTT) and E. coli (PDB code: 1KRR)
with bound acetyl coenzyme A, respectively
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Table 1
Summary of data collection, phasing, and refinement sta-tistics for the putative
acetyltransferase SACOL2570 from S. aureus

Organism S. aureus
PDB code: 3FTT SACOL2570

S. aureus
PDB code: 3V4E SACOL2570

Crystal

Space group R32 P1

Unit cell (Å) a = 75.8, b = 75.8, c = 93.9 a = 53.4, b = 53.5, c = 53.5

(°) α = 90.00, β = 90.00, γ = 120.00 α = 89.7, β = 89.8, γ = 89.9

No. of molecules in asymmetric unit 1 3

Data collection

Diffraction protocol SAD MR

Wavelength (Å) 0.9794 0.9787

Resolution (Å) 50.0–1.60 50.0–1.95

Highest resolution shell (Å) 1.60–1.59 1.98–1.95

Observed reflections 27,020 (504) 87,088 (1,293)

Unique reflections 25,203 39,809

Redundancy 5.4 (3.6) 2.2 (2.1)

Completeness (%) 99.4 (75.4) 92.5 (57.2)

I/σ(I) 30.5 (4.1) 31.8 (10.6)

Rmerge (%) 9.3 (19.5) 3.4 (7.5)

Refinement

Rwork (%) 15.9 (16.1) 18.0 (16.4)

Rfree (%) 18.7 (21.5) 22.2 (22.8)

RMSD for bond length (Å) 0.020 0.018

RMSD for bond angles (°) 1.63 1.80

Number of total atoms 1,703 4,762

Number of protein atoms 1,485 4,396

Number of water molecules 218 200

Average B factor (Å2) 18.2 34.9

Ramachandran statistics

Most favored regions (%) 98.9 98.2

Additional allowed regions (%) 0.2 0.2

Data for the highest resolution shell are given in parentheses. Ramachandran statistics were calculated with MOLPROBITY
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